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SUMWRY
., -

A prektmiimryinvestigationh~”hem made.ofthe@emnzre
distributionaboutthemean-radiussection.oftherotatingblades
of a si.n@6-etageaxial-flowcompressorUt a Mado Machnymberof
A 24-CSXLpressure-transferti~iceusedin obtti~ng%fia“~es~”ti-e”
datais describedandtheaccuracyofthesedatais-esta~l~shedby
severalindependentmethods. 1.. .,... ,,

O*35*.. .. —

Theresults:o%tainedindicatedthatthemaximum-suctienpressure
fcrthethin”loirczuubezretm bladestested(st&&r, 7~0) end
solidity,U.86, atmean-radiussection)wasonlysli@t~ greater
thanfortheisolateddrfoiloftheseznesection.Thelift-curve
SloyefOi- therotorbladeswas,rnuch,.Loworthanthatestlma’ted.from
theoretical,celculationefora ccanpn-abletwo-dimensionalcascade,
indicatingthenecessityof usingcascadetestdatato determinethe
bh,de-anglesettiruy:Stalling.Q~the“f2.uwint@.ccrqressorwasmna
to originateattherootandtipsectfmsoftheM.&Leowtngto the --
effectsof casingboundaryIayers;~o~bi- bladetwist,andhwge
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._ .,..
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clearances.

INTRODUCTICX17 ~ ““

Ii@rovemen.tinthe’p~r’formanc
,.

e ofaxial-flmcompressorsrequirqs
—

informationconcerningthedetailsofthefluwaroundtheblades.
Becauseofthedifficultyofmakingmeaeuxemen@onrotatingbladesl._ ~
pastreseerchon bladeyerformancehashem restiticted@“rd.yto ‘
investigationsoftheflawshoutstationarytwo-di@nsionalcascades
of airfons.Thesestudies(~eferences~ SJ@.2)haveyieMedvaluable
informationonthefundamentd.sof.airfoa,perfoizuanceas affected
%y thegeometryofthacascade~. Eq&riinen.telairfoildatac~tqined
in casc~dehave.bqenused:successRiUyinthedesireof,bladingfor
kw:speedblowersinwhichthepressureriseWoducedtidthO

* operatingconditionforbestefficiency‘bgree~withwedictions‘based ...—

.
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on thecaacadetestdata.At hi@ Machnumbers,however,it18not
knownwhetherthethree-dimensionalandcentrifugaleffectspresent
in rotatingmachinesbutnotpresentin stationarycascadeswill
inve~lidatetheuseofcascadetestdata.It isoomideredthatthese
eff&otsmayalsobe ofimportante at lowMachnunibersintheregion
ofbladestall.An investigationofbladep~ssu~stribution
charaoteristiosfora single-stageaxial-flowcompressorhasbeen
started,therefore,at theLangleyMemorialAeronauticalLaboratory
withtheob~ectofseourlngbladeperfozmanoedataunderactual
operatingconditions.

A pressure-transferdeviceoapableofsimultaneouslytransferring
2~pressuresframa rotatingbladetoa stationa~multdtubemancxneter
has:~eendevelopedforthispro$ect.Thepresentprelimina~report
brieflydescribesthepressure-transferdevice,theteststoestabJieh
itsacouracy,andits firstapplicationinan investdgati.onofthe
bladefbw,chanaoterlsticsofa coqressorhavingthinlow-oaniber
bladesofNACA16-seriespropellersections.

A particularob~ectiveof tbeocmpressortestswastodetmmtne
thenatureofthebladestall,whiohappearedtobe oocurring
prematurely.Thetestsweremadeata moderateMaohnumberof
about0.31j.
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sYMBofs . .

localvelocityofsoundinair,feetpersecond

“chordofcompressorblade,feet

13ectionliftcoefficient

sectionnormal-forcecoefficient

( )f3pp3total-pressure-risecoeffloient—
p~n2D2

specifioheatat oonstantpreseure,foot-poundsperslug
per‘F / 1’

torquecoefficient(Ne;;mj

[Nettorque= Ehafttorque- Measuredtarewithoutblades;
Tare= Windageonrotor-disk.+Torqueabeorbedby preseure-

transferdevioe).-
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tip diameter,feet

tiCCSkratd.011 Of WVL%X, feetperB(5condQer second

Machnumber()
T&
la

massflow, sl~s persecond

romtional speedQfrotcr,revolutionspsrsecand

absolutaW&l pressure,potis persquaref3Gt

Elh~oiutestatic~essurre,poundspersquarefoot
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gasconstanLfarair,‘i%u.per poundper~ ...—;
~

Reynoldenumber
(a 9~ l?I

. . . -- -—~: - . -

absolutetemperature,% a%sol.ute .- =,
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venturiwhichpermittedaccuratedeterminationoftheweightflow.
A seconddiffuserdownstreamfrm theventurimadeitposeiblefor
thecompressortopumylargerweightflowsofairthanCOUM be
producedwithoutthediffuser-venturisystem.Backpressure(and
henceweightflowfora givencompressorspeed.sad~ecmetry)was
controlledbymeansofanad.~ustable@ug at,theoutletof the
system.

C~.f3sor.-A sketchanda photographof thecctmpressorare
showninftgures2 and3. Theco~ipross~cormist6dof 378tator
bladeslocated6 inch.ss@cad of24 rotorblades.Thediameterof
theinnercasingwas29 inchesandthatof theoutercasingwas
42 inches,makingtheroot-tipratioO.68.Figure2 indicatesthe
mannerinwhichthepressuretubingfromoneoftherotorbld.e&‘-D
ledthrougha c~-el insidetherotordiskto theaxiso~ thero~r..
andthenceto thepressuzze-transferdevice.Althcughoperatedonly
at 18U0and2100revolutionsperminuteinthepresenttests,the
compressoriscapableofa maximumspeedofabout4000revolutime -
perminute.Thecompressorhasrecentlybeenatiapte~forblade
research;Itwasoriglnwl~~deai.gnedandused-forother~urposeG.
Theoriginallow-camberbladingof thecompressor,W,ichwesknown
tobe ofpoorherodynemicdesign,wasusedinthepresent“&plorato~-
test8. -.

A Qypicalvelocitydiagrmnfortheme.an-radiussecticmof&
rotorbladeis showninfigure4. lt iseeenthatthes~t~s”turn
theairagainst%he,rotor.VeJUGSforthevelocities.endagglesof
figurek aregiveninta%leI forthreeoperatingconditions(A,33,
andC). Therootandtipsectionsreferredto intabloI are~.km
1 inchfrcmtinecas~s. Thos~torbladesyrcduceda~rox~imatelya
vortexdistributionof +~ential velocity.Th?rotor.bladqs,however,
producedloweraxialvelocitiesneartherootth& theouterhalfof
theblades. .-,

Rotorblades..A photographoP,thero+trbladesmountidinthe
rotorisshowninfigure3,anda sketchgivingadditiaxildetails
iS showninf-e 5. Thebladeshada spanofabout6.50inches
anda consrantchordotk inchesgiviq an aepeciratioof 1.625.
Theblade-anglesoitingat thehubsectionwas2~.4°m&asuradfrcm”th6
planeofrotationendthebladetwistW= 4.3°,makingthetipsngle ..
21.10.Thesolidityat theme~n-radiussectionwagG,86. Theblade- —
sectionprofilesvariedfromtheNACA16-(6)(09)at ‘hemot to“the
NACA16-(4.~)(06)at tietip. Themean-radiussectionwasthe
NACA16-(5.3)(07.6).Ordinatesfortinesesectim wereobtainedby
themethodofreference~. At thetimetheblades.were&esignodno.. cascade-developedsectionsoflowcemberwer~available..TiQclearance

i .
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of therotorbladesavera~edabout0.0@3inch.Onerotorblade
had24mrfacepressureorificcaat=itim- section.(S66

~tatorblades.ThestatorbladesweredosignsdwJ.tha mean
linehavi

3
thedeeiredturningm@e,whichwasob+~inedfrom

reference, andanl??ACA0009-64section(reference~) wassuper-
imposedonthismeanline.Thesolidltyat themee.n-radluosectian
was1,328. Thesebladeshad thesamespanendchord,6.5inches
and4 :.nches,respectively,as therotorblades,ThGblade.angle
settingmeasuredfrcmthecompressoraxle.we27.7°et thehub
section.ThetwistWaE”8.10,makingthetipangle19.6°.Onestakor
bladehad24 surfacepressureorif~-cesat itemean-radiussection,
whichwerelocatedinthesamerelativechordwisepositionsas thofie
on therotorblade.

Fre3sure-transfer.device.-Thepressure-transferdevice,
devel~&dformeasuringpressuresonratatdmgprope~lerandcompressor
bl.adeH,_employsrotatingmercurytoprovidethenece~sarysealbotvoen
therotattigandstatio~ryparte,Thf3”devicecorisistid% rotating
hollowshaftwith“aseriesofintogrnlimpellerd.~sksrotatimg
betweenfixedamnulardieksthatformpartofthecaBing.Thoimpei.ler
diamote:riH~ inchesad theover-allbng<h ofthedsTiceia18 Lnch’es.

A photographof thepressure-transfer30V?.CGwith@ topof the““
casingremovedtoshowtheimpellersandfixeddi&ksispresentedin.
figure6. Eachcellfo-rmadly a fixed”diskandtwoimpei,lG”rahada
smallrotatingpressureorii’icGenteringtntoitfrantheroti’ci~
holAw shaftanda fixedorificeleadingout=throughthost.atloq
diek. }.schematicsketchofa slngiecdl IsshownInfigure7.
Theimpelkrcausesthemercuryto.rotateandfop anannularseal
aroundtheperipheryof theimpellw,thusforminga acalIwtwecn .
adJacentceils.‘Ihemercurysealwascapableof ‘transfer&nga
pressuredtffmenceofubcutoneutmospherowithmz’Lleaksat 2100
revolutionsperminute,thespeedof thopresenttests.Thepressure
differences“thatthetransferdeviceiscapableof ‘csnsmitti.ngaro
proportionaltothesqu~eof therotationalspeed.T4eperftirmcnce
of thotrensferdevicehasbeenInvestigatedinbenchteutsand
foundsatisfactoryfrom~ to6000revolutiane~=rai.nute.J%water :
Jacketi13providedfor-coolingat epec&oshove2000revolutions~or
minute.Thedevicenowinusehas24 cells,thuspermlttlmgthe—
smtitamoustransmissionor24pre~surcs.“

Thecellsof thetransferdeviceceabe chticksd
thecourseofa series-ofbladetestsby sealingthe
andapplyingpressurefromtharmmwter Bide.

.-
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fistrmnentati~.- TIM.pressuresobtainedt~or@ theuseof

“thepressure-transferdevicewereccmrectedfortheeffeetof
centrifugalforceact~ ontheaircolumnintheccmn&cting*ub*” -
betweentheortfLobendthe~ressure-transf’ei’deyice● As.this
ocrrectloninvolvOsthetompe”ratureoftheatidcolumn,a calibrated
BKLdwin-Southwarktem~cratureg~e wasixmtalled.insidetherotor

I atthe@an rotorradius.TIMtenqeratumwcsobt&ined%y measuring
theresistanceacrms.tkLt3gqy3. ThreesltJr-s wereusedto
trencmitthe~otentialfromthegqe @ therotoi-to-a Whetstone
brie ~

*.

Static-pressure~iificesWWG located.in the tnnerandouter
casingattheSLUvaystations.Valuesof’total~resmre,static
imessurejendstreaman@.eweredeterminedlqytheuseof survay
apparatusconsisti~oftotel--~essure,static-iwemmre}imayaw
tubesinthemzcaredid ~:lane.Tliem.u?veyavda”atuswasad@sta%le
inradial~ositicnsothata cqlete.surveyacrosstheennulus
couldb ude duringa testrvn. The~mxrveytuleat ~taticn2
was also adjusta%lgtangentially. kSurveyinstrmnentsat stations
end~ weremountedononeeideofthecasi~ andat .szaiion2 on ,
theo~ositeside. .... .

.

EIIEUCTIONQFDATA

Thetesting.wocedureco~istedofvez”y~the‘air-flowquantity
t~ o%taina reqe of’liltcoefficicntsend@es of attackforth “’-
t~stairfoil.=!!!testswererunata constanispeedof21C!0

II

revolutionsperminute~c e;~tonewhichWC3L’vnat-1800rev@lutions
Ferminute.Airfoilmu-facepressureswereti+=tittedty tho
preesuxe-traneferdeviceto a mtititu~en.angmet=.+ti~”}hotograpbd.”
These~rressureswereccrrectedforcentrif~aleffectbymeansof’the
followingequati.m: ——

where

P’
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%gt’2-’s2)%=-Jte
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truelocalabsolutestaticpressureatbladeorifice,
poundsycmsquarefoot ..-. ....-.. ... ~

uncorrectedalmolnte staticpresw.rceatmancmeter,pcunds
persquexefoot ..
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r’ radiustoorificesin testl.i!a.de,feet

r= ‘-radiustoorificeinro’tatlngshaftofprassure-.&ansfer
device,feet .,

F absolute mom”temperatured airini’otur

‘I’hoavern$evalueof thiscorrectionwas--al)out~
L-Mol.wbepreseure.

tibinq,OFabsolute

percent9fthe

Nondimensionalpressme-dimtributicrudiagramsi’orisolated
airfoi~LsaxeGrdimzrflybasedon the-ic andstaticprGssure3of
thefri%gtroem.Thestaticpressure@ee.AofendbehludthgairfoiL
% theHame,andsoAre.thefree-str~amvelocitiesenddirecticnof
?1C)w, h thecozqn’essor,however,tineraw3sa etatic-pressuredrop
@ld.9X1~cr@lS@inairToloci’@wxyja&”&e ~~~ bi~.~s~d ~ s~t~c-
preemrerim anda dec&eEu3einvehoit.yaorom EkerotarIikdeswtth
i orr9spoliitingcaee inflowdirection-.A meemtirconditionme

where---

*+P%&om=— ,.

Vm mwmairvelocity(seefig.4)

Pressuretistribu.tiambased
wereusedin thecu.seof the
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Seotionnormal-fozwecoefficientswereobtainedby integrating. thepressuredistributionaroundtheairfoil

>

,, d!’1.0P1-&
c= = o %.

ard theliftcoefficientwaBccmputedfrom

with

cl = Cn00sa

thedmg neglected..

A studyofthepossiblesourcesof inaccuracyforthequantities
measuredin-thesete=tsindiuatedthattheangles-obtained~y use
ofthesurveyapparatusareprobablycorrecttowithin~, Thereareh“.l.- b.el.i.evedtobe no significanterrorsinanyof theothermeasurements.
. —

w RESULTSANDDISCUSSION.

r PerformanceofCanpressor

Thetorque,thepressurerise,andtheefficiencyoharaoterhtics
ofthecompressorare showninfi~re 8 as functionsoftheequivalent
wetghtflow.!llleconditionsA, B, and.C notedonthefigurerepresent
operatingconditionsforwhichanalysisistobemadeandforwhich
detaileddataareshowni.ntableeI andII. At cotiitionB thebkdes
operateclosetopeakefficiency.ForconditionA,theweightflow
wasreduceduntilthecompressorstartedtosurgeanda reductionin
outletpressurestartedto occur.Thisoonditionof operationresulted
in somevibration;huwever,thevibrationwasnotsoviolentthatthe
machinecouldnotbe operatedoont.inuously.Oneoftheob~ectivesof
thesetestswasto investigatethenatureoftheincipientbladestall.
atconditionA,becaue-ethestallwasocourri~sooner(thatis,ata
higherweightflowendloweroutletpressure)thanwasexpeoteclfrom
calculationsbasedon isolated-airfotlmaxlmwliftdata.ConditionC
wasa high-wei@t-flowlaw-pressure-riseoondition.“

Performanceof’Pressure-TransferDevtoe

Asmen%ionedpreviously,thepressuresindicatedby thepressure
transfer”devioeincludetheoentrifugdpressureofthercibating
columnofairinthetubeleadingfromtheorificeon thebladeinward
to therotorof thetransferdevice.Thiscentrifugalpressureisan

—
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app~~ciablefrautionof the
bladeandtistthereforebe

.,. i-”

.: ..=. .
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incrementalpressureson the r~tatfng
detemlnec iaco~tely. AU the quantities

intheequationprevioudy’givenforcomputingthecentrHugaleffect
canbe deteminedwitha highorderofaocuraoy.Theonlyquantity
thatisdifficultto.meaaureisthemeantemperatureof theairin
the-rototi”tubing.In ordertoestablishtheaccuracywithwhichthe
cerktrifugalfactorwaa.detemnined,pressuredfkrkributionewere
obtainedforthesexmbladeangleofattaokat twodlffersnts eeds,
180cJand21OOrevolutionsperminute. ?TheMaohnumberchange0.30
toC1.35)forthischangein epeedwaseo smallas tocauseno
appreciablechangeinthenondimensionalpressuredlstrtbution.The
resultsofthiscomparisonareshownin figure9. It iSshownthat
thepressurediagramforthetwospeedsareIdenticalInqpiteofa
largeaha.ngeh thecentrifugalfaatoi’wh.imhincreasedfora typical
tubefrom86,1to13.8,6poundspersquarefootin goingfrm 1800
to2100revolutions.per minute.Themeandynamlopretisureswere
134.7and183.4poundspersquarefoot,respectively,for1800and
2100revolutionsperminute.Thecoincidenceofthediagramsof
figure9 indicatesthatthetictorwasaccura~alyaccountedfor,

‘Asfurthercheckontheaccuracyof thepressuredata,thelift
coefficients03tainedfrcminte~-ationsof thepressured@rame were
comparedwithliftcoefficient~calculatedfrcathetheoreticaltw~
dimensionalrelationbetweentkelift,thepressurerisethroughthe
rotor,andthechangeof tangentialvelocityproducedby therotor..
Thisr61ation(fiwmrefere~e1)is . , .,,

.— ~.. .l=$~($yffj+’..-----
Inwhioh ~= isthemes.noftheentering’andleavingaxizil-velocity
components.Allthequantitiesundertheradicalinthisequation
weremeasuredinthesurveysmadeat stations2 and3, It 8houldbe
pointedoutthattheliftcoefficientdeterminedby thisrelationwas
subjestin thepresentteetstopossi>leerrosofabout~0.04due
primarilytosmallerrorsin the]c.eaen.uwnentof thefhw an@es. Thus
@ mn approximateagreementwfththepressure-distri?wtlontitswould
he eqmcted. Thelif~coefficien{c@upari30nisas foUGw~:

.—

.—

[

——

Liftcoefficient
Condition

Fromintegratedpress~m Ctio~@tedf-
distr-ihutions flowBurvoys

B o.~~ - 0.58
c ●44 ●44

.:.. --C-
-_y,Mr“A . .
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Wi+ihinthelimitofaccuracyof tieflow-surveydatathiscomparfscm
satisfactorilyestahliehestheaccurwyofthepressure-distrihuthn

.

dataobtainedwiththepressure-tiansferdevice. ,-

A furtkertestoftheaccuracyof thepressure-trsmsferdevice
hasbeenmadeinanotherinstallationin which the pressureZndicati&
by a rotatdngtotal-pressuretribewas found to be equalto the
calculatedtctalpressuro. ..

.—1

Pms%ureDistribution .—

for
and

Figure10 yresentsrotor-bladepr9ssure-ccefficientdiagrams
mean S@ es of attackran++ngfrcmo.7°to6.3°. Theconsistency “” :
smallECatterof the data are indicativeof the precision of

measurement.and.the satisfactcwypwrformenca@ the &res8ure-imansfer
device. The diagramfor ~ = 3.00, cl = Q.55 showstheflat
prosswedistrl’tutioncharacteristicofwe NACA16-seriesatifoil
sectionwhen aperatihgne&12its desig lift coefficient(0.53 3nthis

. case). At angIesof attacklc6s‘&8n3.00Sttction yiossurey~tis
developon tke lowersurfaceDear the leadingedge andathigher
anglessimilarpeaksoccuron th upyersurfac~ofthebfide.

4

When the sm.@eofattackwasincreasedfrgu-4.3°to6.30,.the—
Iift coefficientw founiitodecreasefromO.~>to0.54. At firsk
glanceiiwouldap~earVnatdallingcf tiesectionhadocc~ed.
Closerinspectionofthediagramfor ~ = 6.3°,however,show-”a-—
highdegreeofpressurerecoveryon theupperswfaceneartie
trailingedge. If thesectionwerestalled,thepressuresforsame
distenceaheadof thetrailingedgawouhlbe equal..As wilJ.be
discussedinmoredetaillater,thislossinliftat thomeem’section
wasfoundtobe associatedwithstallingofadjacentsectionsoftha
bladene~ therootandtiy.

Pressuredie.grsqsforthe statorbladsare showndn figwe U_.
The _peaknegativepressur3coefficientaniithe lift coefflcientfor
the statorare largerthanfor the rotoras show by ccqaring the
lowerpart of figureU. with figure9. me -actua3leaksuction

E
essuresonthestator,however,arelor.rthemontierotoras
dicatedinthetopysrtoffigure11;theSpeed& soundmid

compressibilitydifficultieswaaldthusoccurfirst.on.filmrotorif
thespeed.oftherotorwereincreased..

1.8diagr~ sh~ ~ fi~e 10 for confLitl@s -?~d ~ (see ‘--
* fig. 8) havebeenenlargedem.dcomparedh..f@ure 12withcsicuiatecl

“theoretic-diagramsfortheNACA16-(5.3}[07.6)airfoilsecti-on
.. operatingas a two-dimensionalisolatedairfoila% thesamelift
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coefficient.Themethodofreference6wasusedh calculatingthe
theoreticaldiagrams.unfortunately,n_o.~y~ti.~y cascadedata,
eitherexpemimantalor theoretical,wero availablefor comprison
with the pre~eattestresults. The calculatedpressuredfetribution
fortheieolatedairfoilon theOuctionsidoissurprisinglysimilar
to therotor-bladedataforconditicnaB andC. (Seefig.12.Y It
WL@t be oxpoctod,ofcourse,thatthepressurecoefficientsahead
of ths70yorcaatstationM thetestbladewouldbemoreno~tlvu
andthosebehindthe50percentstationwouldbemorePOELtivethan
thoseinthe~sola+~dcasel.mcauseof theyressuroriseacrossthe
rotorblades.Tli9dataoffigure12clearlyshowthlEIeffactonthe
suctionsideofthebladea.

.-

Y’h3pmitive presm.are t3idt3of theUede himpresmmedistributions
forc{@ir:.rn-B andC si.ml~informto thoseof thoisolatidair-
foil,-butt,vemeasuredpressureearegenerallymoropositlvui.nvalue.
(Seefig.12.)

A principal.pointof’tiffertice?mtkwenthe isdl.ated-airfoil
diagramsfor conditionsB and C and the testresultsexistsin tic
lift distribution as detarmirmlfromtlmUforonm=bctw~entheupper

.

andlcwersu?facepressures.TherotorUades turdtobamoreh?ghly
10ELdedL”over the forwwrdpart of the blado. Towardthe rear of the
bladetheloadingbecomeconsiderablylowerthanis MlcaWd ~y

.

theca.lcul.ationfortheisolatedairfoilalthoughsomedecreaseIn
loadingovertherearportionofen isolate~airfoilis indlcabd
frcanvind-ixmneltests.A similareffectwaenotedinthet?tatlonary
cascade*aA@ ofreference2. .Thiseffectcanbe explainedhy
referenceto*ho%locittydiagram(fig.k)whichshowsthat‘&eforward
yartcf thebladoissub~octtoa highervelocityWE. Itappears
thata moredesirableloadingmightbe achievedthrou@useofa
camber.linehavingmorecvrvatuxeneartherearof tihcblade.

CriticalMachNumber

Figure12(b),whichshowsthopressuye.di@@%mforthepmk-
effici.encycondititi-yindicat6sa slightlyhi.@orBUGt~onpressure
onthe“uppers~”faceof therdor blade&an &oesthetbeoretical
diagramfortheisolatedairfoil.Itwouldthusbc expectedthat
thecriticalMachnwnberfortherotorbladm WOU23bo eawh.atle~e
limnpredictedfromisolated+irfoildata. H Lt–isassumedthatthe
rateOF inqreaseineuctionpressurewithMachumber isthesamefor
therotorbladesasfm theisolatedatrfoil,th criticalMachnumb=

.

estimatedby theme~od ofmn @man andT@toQisfoundtobe 0.69
asccmmamdwith0.72fortheisolatedairi’otl.It appe~sthatthe ●

critic~~Machnuaiberof therotorblade

.
4

couldbe increasedby
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increasingthecambertowardtherearofthebladeandthereby
producinga moreuniformloading. .—

—

LtitCharacteristics

Thelfftcoefficientsobtainedfromintegrationof thepressure
diagramsareplottedagainst.z@e ofattackinfigure13andare
.comparedwithliftdatao%tainedintestsof theisolatedai~oilin
theLangley2k-inchhigh-speedtunnel(reference~.) Thetunneltes~
wererunata Machnumberof 0,3 anda Reynoldsnumberof700,000,
conditionscloselyapproachingthoseof therotor-bladetestsIn
whichtheMachnumbervariedfrom0.3to0.41andtheReynoldsnuni%er
variedfrom774,000to929,000.Tunneltestdataforthe
NACA16-(5)(06)md 16-(5)(09)airfoilsectionswereinterpolated
toobtaintheresultshowninfigure13fm tieNACA16-(5.3}(07.6)
airfoilsection.ThetheoreticalliftcurvefortheIsolatedafrfoil
iSdSO shown.

—

.—

Resultsof lift-curve-slopecalculationsfor cascadesof thin
flatplatesgiveninreference1 indicatethatthetheoreticallift-
curveslopeforthestaggerandsolidityof thepresenttestsis
considerablygreaterthanthatof tieisolatedairfoil.The
theoreticalliftcurvefortheflat-platecascadeisshownin
figure13. Becauseofthelowceunberand.thinnessof thetestbladas)-’- ‘
itisconsideredthatthetheoreticallift-curveslopefortheflat-
pla’becascademaybe use~asa roughapproximationforthetest
%latis.Figure13showsthatthelift-curveslopeislowerforthe
rotor-blabtestthanfortheisolated.airfoil,aidmuchlowerthan
thetheoreticalqlopefortheflat-platecascade.It isev@ent

—

thatneithertheisolated-afrfoildatanmctietheoreticalcascade -.4
calculationscambe usedtopredi~”trotor-bladeanglesettingsand
thereforecascadete”stdatamustbe used.

--—. —=—n

Themaxlnmmliftcoefficientoccurringat tiemeany.dlamster
section’isshowninfigure13 b be 0.68. Thestallinglift
coefficientfortheisolated,airfoilwasabout1.06. ItW~ ffist
thoughtthattheroto~”bladesectimstalledat a liftcoefficientof
0.68.Studjof thepressuredia~sms(fig.10),howev&,showsciearly
thattheflowisunstalledsinceyressurarecoveryon theuppersurface
extendsalltiewaytothetrailingedge. Itbecame”apparent-there-
forethata stallmustbe occu.rwingeitherat therootor-tipsect~qn
inordertoaccountforthesurgingof thecompressorandthedecr6ase”‘-
inove~~-alltotal-pressureriseforconditionA. Eaorder*O ihveStd.-
gatethispossibility,theliftcoefficientsf-orroot&d tipsections
locatid1 inchfkom”tiheinnerandoutercasfngswerecomputedfromthe
surveymeasurementsofflowemglesand.velocitiesby therelation
givenpreviously,Theresultsobtained.areshowninthefollowing
table:
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IRootsection Mem Section TipSGCtiCUl.—
ConditionC

I
c%,deg 2.2 1.6 0.5
c-t 0.53 0,44 0.43

.—

co@LLtmm33
.—
~) d~~ I --
a 4.5 3.0 , 2.1
C2 --

‘1

0.74 0.55- 0.53
c1 (designcem?mr) ,0.% 0.53 I 0.47..—.

----

Fortielowan~e .ofattackconditionC andthepeakefficiency 6
.conditionB thtimeqnandthetipeecticmsoperateataboutthe
samol:Lftcoef’fj.clehtswhiletherooteectionoperatesata consfdarably
largerliftcoefficient.Forconditiontlwliftcoaff’icientfor
themeensectionwasonlyslightlygreati3rthe.n’theliftcoefficient
forwh~.chthesectionwascambered(0.53).Therootanatipscctlons,
however,operatedatllftco&ficiente.considerablyhigh>rthanthe
valuesforwhichthesssectionsworecambered(0.58md 0.47~
rfispect+lvoly). Whentheweightflowww decreasedto thatd-
condjtl.onA, thesurgecondition, tietableshowsW&t therQotsection
becamebadlystalied,developinga liftcoo$ficientofonly0.10at
anangleofatttickof12!.1°.A lessseverestall-occurredat the
tipsectionwheretie’liftcobfficieqtdroppedto0.14at anangleof
attackof_4.50.”The&eroot-ardtip-eGct~onvaluesforconditionA
mustbe ccneiderodofilyqualitativebecauseof,the@possibility@
accurate”flow-anglern~asurouentsinstal.lcdflow. !(’h~selarge108i3a8
inliftatrootandtipcaused& reductionin3.2ftfortho
entirebladewiththeresultthattheliftof themoanwctioni~
r~duc~diAS~ViOUSly explained,,therootendtipstallsdonot
oxtind’tot.liemeansectionforoy,eratfngcaudttionA, thisfact”b~lng
cleexlyshownby thepressurediagramfor ~ = 6.30. (Seefig.10.) ..-—
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Theprimarycauseof thestallsoccurrtigat therootandtip
isconsideredtobe theexcessiveloadingsoftherootsndtlp
sectionsinthepresenceof casingboundarylayerswhichwereabout
3/4 inchthickat theentrancetotherotor.Contributingfactors
werethelargeclearances(1/8inch)at therotor-bladerootand
thepooraerodynamicshapeof thebladetips. (Seefig.~.) It is
alsoapparentthattherootsecticminparticularwasconsiderably
under-camberedfortheflowconditionswhichexisted.Reference’to
theprecedingtableshowsthatthe%ladetwistwasnotcorrectin
thattielift-coefficientdistributionalongtheblade(for
conditionC orB) didnotconformtothedistributionforwhichthe
b~~~ w= ~~beredt ItiEIapparentthatthisimpropertwistaggravated
thestallingof theblade.rootandtipsecti,onsand.hencereduced

.

therangeof operationof the compressor.

(X)NCWDINGREMARKS

A preliminaryInveatigati.onhasbeendescribedin
developed24-cell.pressure-transferdevicewasusedto
pressuredistributionaboutthemean-radiussectionof

.

whicha newly
determinethe
a rotating

bladeina single-stageaxisl-flow”cmpressoroperatingat a bl~e
Machnumberof0.39. Thefactthatthe~ressureson therotating
bladewerecorrectlyindicatedby thepressure-trensferdevicewas
verifiedby severalIndependentmethods,

The pressuredata showedthat themaximumsuction pressuresfor
therotorbladesworeonlysliglhtlygreaterthanfortheisolated
airfoilof thesamesection.‘Thelift-curveelopeforthet&tnluw-
csmberbladestestedwasmuchlowerthanthetheoreticalalopiiofa
comparabletwo-dimensionalcascadeofflatplates,indicat~Jthat
cascadetestdatamusthe reliedon to determinebladesetttngs;At
thesurgepointof thecompressorthebladeswerefoundtobe ktalled
at therootsmdtipsectionsbuttheflawat themeansectitiwE&not
stailed,.Thepresenceofcaeingboundarylayers,improperbladetwist,
andlargeclearancescontributedtothestallingoftherootandtip
sections. -..

LangleyMemorialAeronautical.Laboratory
NationalAdvisoryCommitteeforAeronautics

LangleyFi.eldjVs.,September11,1946.
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SUMMFW OF VEUICITY-WINT!ORDINXAM W“! NIRCOKOU.NXSA.B,ANTC

AX&L Veiocit!retBllrveystaiicn2:
f%/BecV=2)

VelosiQrelattveb ce9!ngat
St”ztion2,VP,ft/mw

IVelocltyrela~ivetorotcratt3tation2,V2,ftjmc

Sect&ao .an@e of attack baaedon
en~~r~ air vector, ~, deg

S~Jer @e baaedan enter~
airvector,~, deg
Mean fifrvelocity relativeto
rotar,Wa,ft/sec

Sectionangleofattackbasedon
mm ah wctsr, ~, W

S~er angle basedonmeanair
vector,~ deg
Axialveloci”~atmu’vey
Station3,TU2> ftfaec

.
VelOcltyrelativetorotorat
atati~3,w-y~t/gec ,

Effectivelm&~ angle,~,deg ~

Co~U.tlcmA

Root

Uj.j

135,3

3&.9

9.3

744

37J+.7

12,1

77.2

62.3

98,2

3L6.CI
O.k

Mean

~m .1

135.8

419.9

8.1

74.8

397.4

6,3

73.0

121.g

1.25.6

37’6.j
2.1

r10
-

=8,5

135.2

4%.1

6.5

74.7

k36.6

4,5

72.7

141.2

L45,6

+27.2
1.2

.,

Cmd.wmn B

Roo%

134.7

177.1

421.2

6,2

71.3

358,9

.4.5

69.7

114.0

114.4

296.9
7.1

——. —

;4Wm—.-—

136.8

170.0

447.5

5.5
,,,
,72.2

400.3

3,0

69.7

141.2

141.2

354.0
5.1

—-
lWTIOIWL fDKLSORYCOMJJ?MEEFORAJRC)RAUTICS

{ I

Till-

Mat

i63, I

467.6

4.0

72.2

426.F!

2.1

P :3

M5.b

145.6

;@.0
4.0

co]

?00 L

L~5.2

?05.0

145,9

4.5

6g.6

197.4

2.7

67.8

L45,0

L48.9

]49.3

3,6

——

!iam c

Meal-1

:yj,9

198,2

4p.4

3.4

70.1

432.4

1,6

68.3

160.1

164.1

jgj.0
k,o

Ti?)
-

165.3

190,7

490.4
.“

“2.1

70.3

455.2

0.6

6e.8

164.7

166.0

MO.5
3.4
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S7MWW CF‘WWCUY ?FC1’WDGYWJ4DATAJ?3RCO.XD2Ci0.%3A, 3,IlmC -Conciuki

i——

Change In ‘W+yntislvelocityof
rotor,flv,ft/uec
Change{nts.ngenklslvelwiQ of
stator~Aw, ft/sec
Rotorspeed,U, f~/8ec
Seat.1.onrad:us~r, Pt

——

i+oot
—.

11.2

67.1
2&,l
1.29

Mean
—..

49.2

79.4

323.3
1.4[

l?ATIOML Jd%CSORY

im=-..—

‘1‘+6 12s.o

tlj.1 115.0

366.5 264.1
>..671.2;

COMMI!J?IF!3

Ii

1’

,1

lR3RAEROMWIOS

Jl-
f3,~iOO.~

78.8 134.0
366.5284.1
~,6 l.~

,.
,, .1:11

Ii

.—.

Mean
-.—

81.3

117.1

325.j
l.M

rip

74.6

95.1

366. p

1.67

‘1
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SUMMARYOF COMPRESSORDATAFORCONDITIONSA,B, ANDC

Wei@t flow~b~, lb/see

Volumeflewat station1,
Ql,cuft/sec

Inletdensity,01,
slu@/cuftl

Inletstreamstaticpresmre,
PI - Pa,lb/sqft

Midsta@streamstatic
pressure,P2 - Pallb/sqft

Outletstreams+atic
pressure,p3 - pa,lb/sqft

Stagestatic-pressurerise
fromsurvey,AQ,lb/sqft

Stag3total-pressurerfse
frmnsurvey,M, lb/sqft

Total-pressurecoefficient,C~

TorquecoeffIcient,CT

To+~l-pressureofficiency,q

Meanstrea statiopressure,
Pm - pa,lb/sqft

Meandynamicpressure,~,
lh/sqft

Meemsectionnormal-force
coefficient,cn

Meansectionliftcoefficient,
cl

MeanaSrMachnumber,M

MeanairReyncldsnumber,RN

;ondit?.onA

40.k

k55

0.0022”52

-14.1

-20.8

53*7

67.8

72.0
2.3.20
0.145
G.837

16.5

179.9

0●y4t3

0.544
0.346

773,700.—

,onditicm1

‘33.7

683

0.002270

-21.9

-3”.8

47.0

68.9

70.2

1.993

0.162

6.8$%

7.1

193.4

0.j.w

().551

0.3W

787,500

onditionC

56,6

737

0.00230j

-27.8

-45.5

25*O

42.8

~s.g

1.547

(),l?>

0.810

-10.3

216.8

0.438

0.4z8
0.382

875,CX39

NATIONALADVISORYC!CMMITTEEFORAERONAUTICS
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NACATN No. 1189

Figure 3.- Rear view of compressorwith innerand
outer casing removed.
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Pii3ure6.- Pressure-transferdevicewithtophalf
of casingremoved.
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